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Annexins: a novel family of calcium- and membrane-
binding proteins in search of a function
Although the annexins have been extensively studied and much detailed structural
information is available, their in vivo function has yet to be established.
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Annexins are a family of structurally related proteins
which share the property of calcium (Ca2+)-dependent
binding to phospholipids [1-3]. About 13 members have
been identified so far on the basis of sequence homology,
closely related biochemical properties and phospholipid
binding assays. They were found in a number of tissues
and cell types in higher and lower eukaryotes including
mammals, birds, fish, amphibia, Drosophila, Dictyostelium
and plants [4]. Annexins clearly differ from the 'EF hand'
family of Ca2+-binding proteins [5] in their sequence and
the geometry of their Ca2 +-binding sites as well as in
their affinity for Ca2 +. With the exception of the eight-
repeat annexin VI, the core regions (C termini) of
annexins are composed of four highly conserved 70
amino acid repeats, each corresponding to a distinct
domain of similar primary sequence. In contrast, the N
termini are diverse in sequence and length (ranging from
12-169 residues) and may confer specific functions upon
each annexin type [6,7].
Although a clear in vivo role for annexins has yet to be
determined, a wide range of biological functions has
been proposed for them. The best documented of these
include aggregation and fusion of membranes and an
involvement in endocytosis and exocytosis [8], inhibition
of phospholipase A2 and thus inflammatory effects by
blocking the release of arachidonic acid [9], anticoagula-
tion [10], interaction with cytoskeletal proteins [11] and
an enzymatic role in inositol phosphate metabolism [12].
Some members of the annexin family are expressed in a
growth-dependent manner [13] and are targets for
cellular kinases in vivo [14]. These results led to the pro-
posal that annexins are involved in differentiation and
mitogenesis. Some annexins, in particular I and V, are
secreted in certain tissues, although they lack a signal
sequence [15,16]. Their anticoagulant and antiinflamma-
tory effects can probably be explained by membrane sub-
strate depletion, because annexins compete with phos-
pholipase A2 and blood coagulation factors upon binding
to the cell membrane, thereby reducing the substrate
availability [9,17-19].
Phosphorylation of annexins occurs at the N termini and
can modulate their properties. For example, phosphory-
lated annexin II requires higher Ca2+ concentrations for
phospholipid binding than the unphosphorylated protein
[20], whereas phosphorylation of annexin I reduces the
amount of Ca2 + required [21,22], and leads to enhanced
degradation by proteolysis [23]. Phosphorylation of
annexins I and II regulates their ability to cause lipid vesi-
cle aggregation [24,25]. Further post-translational modi-
fications include the glycosylation of annexins I and II
[26] and the N-myristoylation of annexin XIII [27].
Annexin II forms a heterotetramer with pll, an 11 kDa
protein with homology to the 'EF hand'-related S100
protein family, which is supposed to exist in vivo [28,29].
The (annexin II-pll)2 complex displays an enhanced
Ca2 + sensitivity in phospholipid binding [22] and is able
to aggregate and fuse adrenal chromaffin secretory gran-
ules at micromolar Ca2 + concentrations [30]. Annexins I,
V, VI and VII also display voltage-dependent ion channel
activity in phospholipid bilayers in vitro [31-35]
(reviewed in [36]).
Crystal structure of annexin V
To date, the crystal structures of human [37-40],
chicken [41] and rat [42] annexin V have been deter-
mined, as well as the C-terminal core of human
annexin I [43]. Annexin V comprises 320 amino acid
residues and is almost entirely o-helical. Each of the four
homologous repeats is folded into a compact domain of
similar structure comprising five t-helices, wound into a
right-handed superhelix. The four domains are arranged
in a cyclic array, giving the molecule an overall flat,
slightly curved shape with a convex and a concave
face (Fig. la).
The three main Ca 2+-binding sites are located in domains
I, II and IV on the convex face of the molecule. They are
structurally very similar to the phospholipase A2 Ca2+ site
and were therefore suggested to be the phospholipid-
binding sites [44,45], but here the similarity between
the two proteins ends. The Ca2 + is hepta-coordinated by
three main-chain carbonyl oxygens, a bidentate carboxy-
late group from an acidic side chain 38 residues away in
the sequence, and additional water molecules [38].
The domains II and III, and I and IV, form tight mod-
ules with approximate two-fold symmetry. A very
prominent hydrophilic pore lies in the center of the
molecule and has been associated with the ion channel
conduction pathway [45]. Its framework is a four-helix
bundle (formed by helices A and B of domains II and
IV) coated with highly conserved charged residues that
allows a chain of water molecules to be buried within
the central pore.
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Fig. 1. Superposition of the high-cal-
cium [40] and low-calcium [711 forms
of human annexin V, showing the con-
formational change in domain III (cyan
for the high-calcium form and violet for
the low-calcium form). The structure is
viewed in (a) from the side, and in (b)
from above. Calcium ions are indicated
by red spheres in all four domains and
each domain is shown in a different
color: domain I, yellow; domain II, blue,
and domain IV, green. The side chain of
Trp187 (shown in ball-and-stick repre-
sentation) which is normally buried,
becomes exposed on the surface by the
Ca2+-induced conformational change.
(Figure produced using MOLSCRIPT [721.)
Recently, a novel feature of the annexin V structure has
been revealed by analysis of crystal forms obtained under
modified Ca2 + concentration conditions [34,35,40,42].
In a Ca2+-induced conformational change, the normally
buried Trpl87-containing loop in domain III becomes
exposed on the molecular surface (Fig. 1). This confor-
mational change leads to the formation of an additional
strong Ca2+-binding site in this domain. The Ca2+ has a
sulfate ion from the precipitating agent as a ligand, pre-
sumably mimicking the phosphoryl group of a mem-
brane phospholipid [34,35,40]. The same conforma-
tional change has been observed in solution by
fluorescence studies in the presence of calcium [46,47]
and phospholipids [48,49], suggesting a direct contact
between the exposed tryptophan and the ester-bond
region of the membrane.
Mutational studies on annexins
The first mutational studies on annexins were mainly
aimed at probing their Ca2+- and phospholipid-binding
properties. Site-directed mutagenesis of annexin II
predicted altered Ca2+-binding properties of domains I
and III compared with annexin V [50]. In other experi-
ments, the pll-binding site for annexin II-pll hetero-
tetramer formation was localized to the N-terminal part
of annexin II [51]. Mutagenesis of the conserved
Ca2+-binding loop in domain II of annexin I resulted in
modified Ca2 + affinities and self-association properties
[52]. Experiments with a chimeric protein consisting of
the annexin V oa-helical core and the annexin I N termi-
nus indicate that the annexin membrane-interaction
properties might be influenced by the N terminus,
because the chimera was capable of aggregating phospho-
lipid vesicles like annexin I [53].
Mutational studies were also employed to achieve a better
understanding of the ion channel properties of annexin
V, the first ion channel protein defined to high resolution
[34-36]. The replacement Glu95-Ser in the center of
the pore region resulted in significantly modified Ca2+
channel properties (Fig. 2), indicating that Glu95 is a
crucial component of the ion-selectivity filter [34,35].
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Fig. 2. Single channel currents for (a) wild-type annexin V and
(b) the Glu95--Ser mutant incorporated into acidic phospholipid
bilayers at different pipette potentials (Vp); O, open state; C,
closed state. The mutation resulted in a lower single-channel
conductance of Ca2 + , a strongly increased conductance for Na+
and K+, as well as complete loss of selectivity for Ca2+ versus
Na + [34,35].
The disruption of a conserved salt bridge in the upper
part of the pore causes a complete loss of the voltage
dependence of channel gating [36]. These results support
the assumption that the salt bridges within the pore
function as voltage-sensing gates, as side-chain rearrange-
ment is required for ion permeation [54]. The removal,
by mutagenesis, of surface charges distant from the ion
pore causes modified conductance patterns, which may
be attributable to the modification of the dynamic prop-
erties of the molecule [36]. Indeed, the dynamics of the
molecule can change upon Ca2 + binding [55], while the
intermodule angle (i.e., the angle between domains II/III
and domains I/IV) which directly influences the width of
the central pore has been shown to vary in different crys-
tal structures of annexin V [34,35,37,39,40]. The equi-
librium between conformers with different intermodule
angle is sensitive to the macro-dipole of the molecule
represented by the charge distribution within the two
modules [35,36].
Annexin-membrane interaction
Several water-soluble, channel-forming proteins are pro-
posed to undergo profound structural changes upon inte-
gration into the membrane to attain their conducting
state [56]. The annexins are atypical in this respect, as all
experimental data available to date reveal that they
remain peripherally bound [57,58].
Annexins bind Ca2 + with Kd values in the millimolar
range, whereas the binding of annexins to phospholipids
has a Kd around 10-10 M at Ca2+ concentrations of
-10-100 LM [2]. Annexin V forms Ca2 +-induced
dimers in aqueous solution [18,55], while in the presence
of phospholipids, trimers, hexamers and higher aggregates
have been observed [59]. Self-association has been repor-
ted for various annexins on membrane surfaces [60,61].
The membrane-bound structures of annexin V
[58,60,62,63] and annexin VI [64,65] have been investi-
gated by electron microscopy (EM). More recently, two-
dimensional crystals of annexin V bound to phospholipid
monolayers have been analyzed (Fig. 3) allowing the
three-dimensional structure of these complexes to be
reconstructed [58]. These results show that membrane
binding is mediated by the convex surface of the mol-
ecule that contains the Ca2+-binding sites [34,58].
Comparison of this structure with the high-resolution
crystal structure shows that the molecule has the same
Fig. 3. Electron micrographs of mem-
brane-bound (a) wild-type annexin V
and (b) a Glu95->Ser mutant at 20 A
resolution. The images are views from
the membrane side after image averag-
ing. The negatively stained crystals are
isomorphous, with a p6 lattice and a
periodicity of 18.3 nm. The unit cell,
outlined by the white diamond in (b),
contains two trimers of annexin V and a
central ring located on the hexad, which
is a translationally and rotationally dis-
ordered annexin V trimer [34,58].
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overall domain structure in its membrane-bound state
as in solution, but that the relative orientation of the
modules (II,III) and (I,IV) is' slightly changed so that
the Ca2+-binding sites in all four domains (including
the recently observed binding site in domain III [34,
35,40,42]) become coplanar with the membrane. The
EM reconstruction indicates that annexin V does not
penetrate the membrane upon binding, because the
height of the molecule, as estimated from the EM mea-
surements, is the same as its crystallographically deter-
mined size [58]. An analogous observation had been
made in a small-angle neutron scattering study showing
the arrangement of protein monolayers on phospholipid
vesicles [66].
An important question remains. How can peripherally
bound annexin V form highly conducting ion channels
through membranes? As suggested by Karshikov et al.
[54], the annexin V electrostatic potential may cause a
strong local gradient at the protein-membrane interface
generating a pore through the membrane by a micro-
scopic phenomenon comparable to electroporation. The
characteristics of the membrane in the protein-bound
state are indeed considerably modified as shown by a
variety of experiments [67-70], but further detailed stud-
ies are needed. It is still a matter of debate as to whether
long-lived, water-filled pores exist, or whether the pores
are formed by transiently disordered, less tightly packed
areas [3,36].
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